ABSTRACT: Currently, finite element codes for small-strain have been widely applied in geotechnical engineering problems. However, the limitations of these codes are recognized, especially when the strain is large. To overthrow such limitations, finite-strain finite element code for porous media is needed. Therefore, this study aims to implement the finite element code for coupled solid-fluid at finite strain for static and dynamic problems. Firstly, the governing equation for porous media at finite-strain was introduced. Then, the mixed formulation of both phases with respect to the reference coordinates by deriving the governing equations with respect to the reference or current coordinates and by considering the solid and fluid as separate, was given. At present, the code is developed only for elastic regime as its preliminary step. In this study, the proposed code has been verified with the static and dynamic problem. And, the result of the finitestrain finite element code is then compared with the result of the analytical solution and small-strain finite element code within the small-strain regime. Thereafter, the proposed code was used to estimate the response of the earthen dam when subjected to a dynamic load. Finally, the results, discussion, and comparison between small-and finite-strain finite element analyses were presented.
INTRODUCTION
Recently, finite element codes for infinitesimal-strain have been implemented by many researchers [1] . Although these codes are applied widely in both academia and practice, their limitations are recognized, especially when the strain is large. Hence, finite-strain finite element formulations for solids and structures have been developed and implemented by interested groups [2] - [12] developed and implemented finite-strain finite element formulations for porous media.
This study aims to implement a finite-strain finite element code. Firstly, the governing equation for porous media at finite-strain was introduced. Then, the mixed formulation of both phases with respect to the reference coordinates by deriving the governing equations with respect to the reference or current coordinates and by considering the solid and fluid as separate was given. In addition, the verification of the proposed code is necessary. Therefore, the result of the finite-strain finite element code is compared with the result of the analytical solution and small-strain finite element code within the small-strain regime. Then, dynamic analysis of the earthen dam using the proposed code was performed. Finally, the results and comparison between small-and finite-strain finite element analyses were presented.
IMPLEMENTATION OF THE NONLINEAR U-P FINITE ELEMENT CODE AT FINITE STRAIN
To develop the finite-strain finite element code, finite continuum mechanics and a governing equation for porous media are developed with the aim of establishing a governing formulation for this problem. Then, the weak form finite element formulation is presented. (For a review, see [3] , [13] , [14] )
Governing equation
In nonlinear continuum mechanics, the reference configuration and current configuration are of the utmost importance. Any motion defined in space can be assumed to be a continuum within a set of configurations. For each material point X, Lagrangian displacement u(X,t) can be written as below ( )
where x and X are the positions of material point X in the current and reference configurations, respectively. The deformation gradient F is the derivative of each component of the deformed x vector with respect to each component of the reference X vector. The infinitesimal increment of x, dx and the deformation gradient F can be written as
Unlike the small-strain, where engineering strain can be applied, the deformation tensors used in finite-strain, are the right and left CauchyGreen deformation tensors. The right CauchyGreen deformation tensor C and GreenLagrangian strain tensor E can be defined as
From this point forward, grad and GRAD represent the gradient operator for the current and reference configuration, respectively. Similarly, div and DIV stand for the divergence operators for the current and reference configuration, respectively. In addition, D( )/Dt and d( )/dt stand for the material time derivative and the total time derivative with respect to the solid phase motion, respectively.
Balance of Mass
Denote that ms and m f are the mass of solid grains and fluid particles, respectively. The mass densities of the solid phase and fluid phase are ρ s and ρ f , respectively. ϕ is a fraction of void space in the material (ratio of the volume of void space to the total volume of material). The total mass of mixture in an arbitrary deformed configuration is given by the volume integrals ( ( )) as 
By taking the material time derivatives and localizing the results from the argument of arbitrariness, then the following equations for the solid phase and fluid phase were obtained, respectively.
where ν is the intrinsic velocity of the fluid phase. In the fluid phase, the total time derivative of m f following the solid phase motion is not zero, but instead represents the rate of fluid mass accumulation in the moving volume of the solid phase, and thus 
( )
for the solid phase and the fluid phase, respectively. Adding the last two equations gives the total mass conservation for the mixture.
( ) ( )
for the incompressible solid and fluid, Eq. (11) becomes
Balance of Momentum
By introducing the Cauchy partial stress tensors for solid and fluid , respectively, the Cauchy total stress tensor is = + . The linear momentum balance equation of the solid phase takes the form 
where g is the vector of gravitational acceleration, hs is the flow-induced body force arising from the frictional drag of the fluid phase on the solid matrix and a is the material acceleration of the solid phase. Note that the second part of Eq. (13) is (14) and for the fluid phase, the momentum balance equation can be written as (15) can be rewritten as
Note that h s and h f are a pair of internal forces, which naturally will not affect the mixture as a whole. Summation of Eq. (16) and Eq. (14) gives
where ρ is the total saturated mass density of the 
where b is the vector of body force components per unit volume and =  u a
Weak Form Finite Element Formulation
To obtain the weak form finite element formulation, the trial solution spaces are introduced using
. By introducing trial solution into Eq. (12) and Eq. (18) and integrating over the domain ( ( )) with respect to the current configuration, the equations becomes
whereˆh grad 
where k is the hydraulic conductivity, and G is the elevation head tensor. Eq. (30) and Eq. (31) can be solved using the Newmark's method with Newton-Raphson iteration [17] , [18] . In this study, the constant γ and β are ½ and ¼, respectively.
Convergence criteria based on the norm of the displacements, ‖ ‖ 2 and Residuals force, ‖ ‖ 2 were used. The norm of those two convergence criteria can be expressed as follow.
where u t and 1 t u + are displacements at the current step and the next time step, respectively, and and are the external and internal forces, respectively. The tolerances (TOL) were 1x10 -5 and 1x10 -3 for 2 U and 2 R , respectively.
VERIFICATION

Static Verification Problem
A numerical example involving the consolidation of a two-dimensional porous media layer was used. The dimension of the numerical model is 1 m × 10 m (80 elements). Fig. 1 describes the boundary condition and flow condition. For static problems, loads of 40 kPa, 2 MPa, 4 MPa, and 8 MPa were applied along the top of the model. Table 1 shows the material properties and the test conditions. A steady-state analytical solution of consolidated vertical displacement for a linear elastic solid phase is / 2
H wH λ µ ∆ = + where ΔH is the vertical displacement, λ and μ are the Lame's constants, H is the height of the model, w is the surcharge load, and n s and n f are volume fraction of solid phase and fluid phase, respectively. In this study, as the effect of viscous damping is not considered, a viscous damping parameter is set to be zero. 
Dynamic Verification Problem
The study applied a similar numerical model as in the static verification problem. The dimension of the numerical model is 1 m × 20 m (160 elements). For the dynamic problem, a harmonic load was applied at the top of the mesh as the surcharge load. Table 1 and Fig. 1 show the load function and the model's dimensions and properties. The analytical solution was obtained from previous studies [19] , [20] .
Verification Results
Results show that in the static problem when the applied load is 40 kPa (infinitesimal-strain), the results obtained from the finite-strain finite element code show good agreement with the results of both the small-strain finite element code and the analytical solution (Fig. 2) . Under larger loads of 2 MPa, 4 MPa, and 8 MPa, the results obtained using the small-strain finite element code approached those of the analytical solution, while the finite-strain finite element code yields a smaller response (Fig. 3) . The finite-strain solution is stiffer than the small-strain due to the effect of the addition geometric nonlinear terms in the finite-strain formulation (Table 2) . For the dynamic problem, Fig. 4 and Fig. 5 shows the vertical displacements and the excess pore pressure of the observation points at Z = 0.0 m, 1.0 m, and 2.0 m from the model surface of the finite-strain finite element code, small-strain finite element code, and analytical solution, respectively. It can be summarized that both displacement and excess pore pressure, under a small harmonic load, obtained using the finite-strain finite element code is in a good agreement with the results of both the small-strain finite element code and the analytical solution.
Given that the results of both the static and dynamic problems obtained using the proposed code agree well with the analytical solution and the results of the small-strain finite element code in all aspects, the proposed code can be developed
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International Journal of GEOMATE, Nov., 2018 Vol.15, Issue 51, pp.1-8 further to include the advanced constitutive law and applied to the analysis of earth dams or other geotechnical problems. 
ANALYSIS OF AN EARTH DAM
Site Description and Input Motion
Fig . 6 shows the typical cross-section of the earthen dam. The embankment dam was an 18.5-m high with a crest width of 6 m. In this study, only the elastic constitutive law is applicable. Table 3 summarizes the material properties of the dam model. Thus, we present analysis and comparison between the results of the smallstrain finite element code and the finite-strain finite element code using elastic properties. As a preliminary step, this study used a generated harmonic wave as the input motion, as shown in Fig. 7 . The peak ground acceleration, amax, is 3.00 m/s 2 with 15 s shaking duration. This study proposed rectangular four-node element dam model. Total element number was 456 elements. The foundation was modeled by extending, a 10-m-thick layer, 100 m on either side from the center. The boundary conditions were restrained in the horizontal and vertical directions at the bottom of the model. For both edges, the boundary conditions were fixed only in the lateral direction. For dynamic analysis, the dam was analyzed in undrained condition, neglecting the effect of reservoir pressure and initial stress. All elements were assumed to be in the saturated condition. 
Analysis Results and Discussions
Displacement
The maximum crest's settlement Uy, is 0.00051 m and 0.00041 m for small-and finitestrain, respectively. And, the maximum crest's horizontal displacement, Ux, is 0.0716 m and 0.0715 m (upstream side) for small-and finitestrain, respectively (Fig. 8) (Table 4) .
By comparing small-strain and finite-strain finite element codes, it can be seen that for the maximum crest settlement and the maximum horizontal displacement, the small-strain code yielded a value a bit higher than did the finitestrain code. In overall, both codes yield a similar tendency and are in a very good agreement with the differences that are expected due to the different formulations.
Excess pore pressure
The Maximum excess pore pressures were about 36 kPa and 34 kPa for the finite-strain and infinitesimal-strain finite element codes, respectively. Fig. 9 shows the excess pore pressure at 6.62 s. A comparison of small-strain and finite-strain finite element codes shows that, overall, both codes yield a similar tendency and are in very good agreement, with the differences that are expected due to the different formulations. 
CONCLUSION
The finite-strain finite element code for coupled solidfluid mixtures under static and dynamic conditions was proposed in this study. The proposed code has been verified using static and dynamic problems. Verification results yield a good agreement in all aspects. The proposed code was used to estimate the response of the earthen dam when subjected to a generated harmonic wave. Comparison of the proposed code and small-strain code indicates that the maximum crest settlement, horizontal displacement, acceleration, and excess pore pressure obtained from the finite-strain finite element code show a similar trend with the values obtained using the small-strain finite element code. The difference between the values obtained using the small-and finite-strain finite element code is expected owing to the effect of the addition geometric nonlinear terms in the finite-strain formulation.
